Rpa43 and its partners in the yeast RNA polymerase I transcription complex  by Beckouët, Frédéric et al.
FEBS Letters 585 (2011) 3355–3359journal homepage: www.FEBSLetters .orgRpa43 and its partners in the yeast RNA polymerase I transcription complex
Frédéric Beckouët a,1, Sylvie Mariotte-Labarre a, Gérald Peyroche a,2, Yasuhisa Nogi b, Pierre Thuriaux a,⇑
aCEA, iBiTec-S, Service de Biologie Intégrative & Génétique Moléculaire, F-91191 Gif-sur-Yvette, France
b Saitama Medical School Department of Molecular Biology, 38 Morohongo, Moroyama, Iruma-Gun, Saitama 350-04, Japana r t i c l e i n f o
Article history:
Received 17 July 2011
Revised 29 August 2011
Accepted 6 September 2011
Available online 4 October 2011
Edited by Ulrike Kutay
Keywords:
RNA polymerase
Nucleolus
Fission yeast
Budding yeast
Rpa43
Rpa14
Protein phosphorylation
SH2 domain
KOW domain0014-5793/$36.00  2011 Federation of European Bio
doi:10.1016/j.febslet.2011.09.011
⇑ Corresponding author. Fax: +33 1 69 08 47 12.
E-mail address: p.thuriaux@wanadoo.fr (P. Thuriau
1 Present address: Department of Biochemistry, Univ
3QU, United Kingdom.
2 Present address: Département de Biosciences, E
Cachan, F-94235 Cachan cedex, France.a b s t r a c t
An Rpa43/Rpa14 stalk protrudes from RNA polymerase I (RNAPI), with homology to Rpb7/Rpb4
(RNAPII), Rpc25/Rpc17 (RNAPIII) and RpoE/RpoF (archaea). In fungi and vertebrates, Rpa43 contains
hydrophilic domains forming about half of its size, but these domains lack in Schizosaccharomyces
pombe and most other eukaryote lineages. In Saccharomyces cerevisiae, they can be lost with little or
no growth effect, as shown by deletion mapping and by domain swapping with ﬁssion yeast, but
genetically interact with rpa12D, rpa34D or rpa49D, lacking non-essential subunits important for
transcript elongation. Two-hybrid data and other genetic evidence suggest that Rpa43 directly bind
Spt5, an RNAPI elongation factor also acting in RNAPII-dependent transcription, and may also inter-
act with the nucleosomal chaperone Spt6.
Structured summary of protein interactions:
RPA43 physically interacts with SPT6 by two hybrid (View interaction)
HMO1 and SPT6 colocalize by ﬂuorescence microscopy (View interaction)
RPA43 physically interacts with RPA14 by two hybrid (View interaction)
RPA43 physically interacts with SPT5 by two hybrid (View interaction)
HMO1 and SPT5 colocalize by ﬂuorescence microscopy (View interaction)
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RNA polymerase I (RNAPI), one of the three nuclear transcrip-
tion enzymes present in all eukaryotes, mobilises 70% of the total
transcriptional capacity to produce a single transcript matured into
the 18S, 5.8S and 25S ribosomal RNAs [1]. In budding and ﬁssion
yeasts, RNAPI contains a 10-subunit core conserved in RNAPII,
RNAP III and archaeal RNAPs [2,3], an Rpa34/Rpa49 dimer related
to the TFIIF factor of RNAPII [4–6]. Finally, a Rpa43/Rpa14 ‘stalk’
(Figs. 1 and 2) is homologous to Rpb7/Rpb4 (RNAPII), Rpc25/
Rpc17 (RNAPIII) and RpoE/RpoF (archaea) but absent in bacteria
[3,7–9]. Its biological role is unclear. In RNAPI, transcription starts
when Rpa43 binds the Rrn3/TIF-1A pre-initiation factor [10–13]. In
RNAPIII, rpc25 mutations also interfere with initiation and
Rpc17 possibly binds the Brf1 initiation factor [14,15]. In RNAPII,
Rpb7/Rpb4 may form a dissociable initiation factor [16], but recent
data suggest that Rpb4 and Rpb7 are required throughout thechemical Societies. Published by E
x).
ersity of Oxford, Oxford OX1
cole Normale Supérieure detranscription cycle and that Rpb4 mediates the co-transcriptional
processing of mRNAs [17–19]. Moreover, Rpb4/7 may shuttle be-
tween the nucleus and the cytoplasm [20], unlike its RNAPI, RNA-
PIII and archaeal counterparts which are stably associated to their
core RNAP [9,21,22].
The ﬁssion yeast Rpa43 is a short protein (173 amino acids) lim-
ited to a conserved domain related to Rpb7/Rpc25/RpoE, with two
additional RNAPI-speciﬁc motifs. In Saccharomyces cerevisiae, Homo
sapiens and many other species, Rpa43 is a much larger protein
with bulky hydrophilic domains [22]. We show here that these
domains, although non-essential, become critical in the absence
of non-essential RNAPI subunits involved in transcript elongation
(Rpa12, Rpa34, Rpa49). Spt5, an elongation factor known to be an
RNAPI partner [23], binds Rpa43 in a two-hybrid test, suggesting
a direct interaction with the stalk domain. Finally, two-hybrid
and genetic data relate Rpa43 to the Spt6 histone chaperone [24].
2. Materials and methods
Yeast strains and sequence alignments are detailed in
Supplementary data S1 and S2. Fluorescence microscopy was done
in a W303 background, but other strains derive from the rpa43-
D::LEU2/RPA43 diploid D101 [22], after transformation with
YCp43-12 (URA3 CEN RPA43) and appropriate genetic back-crosses.lsevier B.V. All rights reserved.
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discard spurious mutations and cloned in suitable vectors by DNA
ligation or by the Gateway technique, as previously described [4].
Hybrid S. cerevisiae and Schizosaccharomyces pombe constructs
were based on overlap PCR (Pfu DNA polymerase).
Exponentially grown cells were stained for 5 min with Hoechst
33352 (5 ng/ll) and examined with a Leica DMRXA ﬂuorescence
microscope. Fluorescent signals were collected with single band
pass ﬁlters. Images were acquired with a Hamamatsu C4742-95
cooled CCD camera, controlled by the Openlab software and
processed using Adobe Photoshop. A two-hybrid screening [25]
with a RPA43::Gal4BD bait identiﬁed ﬁfty-three clones (out of
5.106 transformants), corresponding to 14 distinct fusions deter-
mined by the DNA sequence of their insertion ends.3. Results
3.1. Complementation between the Rpa43 subunits of S. cerevisiae and
S. pombe
Rpa43 is widely conserved among eukaryotes (Fig. 1, Supple-
mentary data S2), to the exception of Trypanosomes [26]. This con-
servation corresponds to positions 47–149 in S. cerevisiae,
homologous to the Rpb7/Rpc25/RpoE hinge domains in other
non-bacterial RNAPs, with two additional RNAPI-speciﬁc motifs
(positions 153–169 and 215–235). In S. cerevisiae, hydrophilic
and structurally disorganised domains corresponding to positions
1–46, 170–214 and 235–326, respectively exist in nearly all fungal
or vertebrate Rpa43 but are largely absent in other lineages,
including ﬁssion yeast where Rpa43 is a short protein of 173 amino
acids limited to the hinge and RNAPI-speciﬁc motifs.
In S. cerevisiae, the conserved Rpa43 hinge is intertwined with
Rpa14 [5] and its RNAPIspeciﬁc motifs form the outer part of the
stalk (Fig. 2). In budding yeasts, Rpa43 also harbour hydrophilic
and structurally disorganised domains that are internal (positions
170–214) or form variable N- and C-tails (1–46 and 235–326).
A similar conservation holds for Rrn3/TIF-1A and the Rpa49
subunit (Table 1). Thus, plants encode Rpa43-, Rpa49- and Rrn3-
like proteins, although it has been argued that Arabidopsis thaliana
may use a TFIIB-like factor (instead of Rrn3) to recruit RNAPI [27].
Nevertheless, the Rpa14 stalk subunit is only detected in budding
and ﬁssion yeasts, and the Rpa34 partner of Rpa49 only exists in
Unikonts (fungi, animals, amoebozoa), whilst the Rrn6 and Rrn7448 N. cras
326 S. cere
173 S. pom
364 U. may
196 A. thali
299 C. albic
338 H. sapi
348 T. rubri
Fig. 1. Rpa43 conservation. The Rpa43 of fungi (S. cerevisiae, Candida albicans, Neurosopor
against the much shorter Rpa43 of S. pombe and A. thaliana (Supplementary data S2).
respectively. A short domain speciﬁc of budding yeasts and ﬁlamentous Ascomycetes is
subunits.components of the RNAPI pre-initiation complex are distantly re-
lated to the animal SL1/TIF-IB complex [15,16].
TheﬁssionyeastRpa43 fails to complement rpa43D in S. cerevisiae,
but rpa43-chim1 and rpa43-chim2 hybrids are viable (Fig. 3).
However, they do not grow in an rpa14D background, fail to interact
with Rpa14 in two-hybrid tests and are lethal in deletions lacking the
non-essential Rpa12, Rpa34 or Rpa49 RNAPI subunits, which can be
simultaneously inactivated without preventing growth [28]. Unlike
rpa12D and rpa49D, these rpa43 mutations presented a wild-type
response to6-azauracil andmycophenolate,whichdeplete thenucle-
otide triphosphate pool. Hybrids further encroaching on the Rpa43N-
end ( rpa43-chim4, rpa43-chim7) were lethal. Compared to
rpa43-chim1/chim2, they lack a short insert (88KILDADPLSKEDTS101),
characteristic of budding yeasts and ﬁlamentous fungi, which
presumably accounts for their non-complementation.
3.2. The Rpa43 N- and C-ends interact with Rpa49
A deletion removing the last two-thirds of Rpa43 (rpa43-12,65)
was wild-type in every respect and rpa43-chim2, which lacks the
internal and C-terminal hydrophilic domains of Rpa43, has a tem-
perature-sensitive defect also observed in rpa43-14, a frame-shift
mutation removing most of the C-end [7]. The C-terminal exten-
sion of Rpa43 is therefore essentially neutral, despite its wide
occurrence in fungi and vertebrates (Fig. 3). Yet, its full-deletion
(rpa43-12,35), which also presented no detectable growth defect,
was synthetic-lethal with rpa14D, rpa12D, rpa34D or rpa49D, but
not with top1D or hmo1D, lacking the corresponding RNAPI
co-factors [29]. Lethality was achieved by a slightly larger deletion
(rpa43-12,16) removing the 215GHWVDSNGEPIGKLRFTVRN235
RNAPI-speciﬁc motif (conserved positions are underlined), which
is thus strictly required for growth. Conversely, N-terminal dele-
tions (rpa43-35,326, rpa43-35,281) had a wild-type growth, except
for their dependency on Rpa14. They were not synthetic-lethal
with rpa12D, rpa34D or rpa49D but suppressed the cold-sensitive
defect of rpa49D [4]. Taken together, these data point to a close
functional interaction between the stalk and Rpa34/Rpa49 do-
mains of RNAPI.
3.3. Spt5 and Spt6 are two-hybrid partners of Rpa43 and genetically
interact with that subunit
Using a Gal4BD::Rpa43 bait, we screened a Gal4AD library of
randomly sheared yeast genomic fragments (700 bp), to detectsa
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Fig. 2. Organisation of the stalk domain. Upper panels: crystallographic structure of the S. cerevisiae RNAPII and archaeal (S. shibatae) RNAP (Pdb.1WCM, Pdb.2WAQ). Rpb4/
RpoF, Rpb6/RpoE and the hinge or RNAPII-speciﬁc C-end of Rpb7/RpoK are in cyan, red, orange and green, respectively. The Rpb1256,309 domain bound by Spt5 [36,37] is
emphasized in grey. A dashed oval denotes the hypothetical location of Spt5. Lower panels: Yeast RNAPIII (Rpc25/Rpc17, PdB.2CKZ) and RNAPI (Rpa43/Rpa14, Pdb.2RF4)
stalks. RNAPI-speciﬁc motifs (positions 153–169 and 215–235) of Rpa43 are in green. The approximate locations of the hydrophilic regions and Rpa43 motif
(88KILDADPLSKEDTS101) of S. cerevisiae are indicated.
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Fig. 3. Rpa43 mutagenesis. Domain-swapping and deletions constructs are shown in red (lethal) or black (viable). Stars correspond to S. pombe swapped domains, numbered
for the corresponding S. cerevisiae positions. Growth tests were based on plasmid shufﬂe assays. Cells were spotted on YPD for three days (25, 30 or 37 C). Growth patterns in
D101-I2 (rpa43D) and SL29–3C (rpa14D rpa43D) are as follows: ++ (wild type), + (slight growth defect), ts (lethal at 37C),  (no growth), as shown for rpa43-35,326, rpa43-
chim2 and rpa43-1235. Two-hybrid interactions between GAL4AD::Rpa14 and wild-type or mutant Rpa43 fused to the C-end of GAL4BD (1–147) were detected by an overlay
assay [25].
F. Beckouët et al. / FEBS Letters 585 (2011) 3355–3359 3357two-hybrid partners of Rpa43 by a genome-wide approach [25]. No
Rrn3 clone was found, although Rrn3 binds Rpa43 when
co-expressed in Escherichia coli [11], but we isolated ﬁve distinct
clones with (quasi) full-length Rpa14 fusions and one clone withan internal fragment (positions 551–614) of Spt5, an elongation
factor participating in RNAPII- and RNAPI-dependent transcription
[23,30]. Its Rpa43-interacting domain roughly corresponded to one
of four KOW domains of Spt5 (Fig. 4B). Interestingly, spt5
1,280
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Fig. 4. Interactions with Spt5 and Spt6. (A) Spt5 and Spt6 are two-hybrid partners of Rpa43. pACT2 (void), Gal4AD::Spt5551-614 and Gal4AD::Spt61224-1423 plasmids were tested
against wild-type or mutant Gal4BD::Rpa43 fusions, with pGBT9 as a negative control. A schematic view of Rpa43, Spt5 and Spt6 is given below. Thick lines denote Rpa43 two-
hybrid interacting domains. (B) Sub-cellular localisation of Spt5::YFP, Spt6::YFP and Rpb3::YFP in strain OFP69-1A, containing the nucleolar Hmo1::CFP (Section 2). The scale
bar corresponds to 2 lm. (C) Synergy of rpa43-chim2 and spt6-14. D101-I2 (rpa43D) and D1013-8B (spt6-14 rpa43D) harbouring YCPA43-12 (URA3 CEN RPA43) were
transformed with the TRP1 plasmids pGA43-chim2 (rpa43-chim2) and pGEN-RPA43 (RPA43), replica-plated on 5’-ﬂuoro-orotate and streaked on YPD for three days at 30 and
34 C.
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the rpa43 N-terminal deletions discussed above, further arguing for
a functional interaction between Spt5 and Rpa43.
Four other clones giving weak interactions with extra-nucleolar
proteins (Fre1, Ssk2, Chc1, Inp53) probably represented spurious
two-hybrid associations. A ﬁfth one, Rix7, is a late ribosomal bio-
genesis factor unlikely to directly bind RNAPI [32]. Finally, one
strongly-interacting fusion harboured a C-terminal Spt6 fragment
(positions 1224–1423). This interaction only required the con-
served Rpa43 domain between positions 36 and 280 (Fig. 4A).
Spt6, an RNAPII-associated factor cooperating with Spt5 [30], acts
as a histone chaperone in the nucleosomal restoration of highly
transcribed genes [24]. Its role a RNAPI co-factor is consistent with
ﬂuorescence microscopy suggesting a mixed nucleoplasmic and
nucleolar localisation (as in Spt5), and with the synergy observed
here between rpa43-chim2 and the spt6-14mutation (Fig. 4B and C).4. Discussion
Budding and ﬁssion yeasts have similar fourteen-subunit
RNAPI’s, with a high sequence homology (65%) allowing most ﬁs-
sion yeast subunits to complement S. cerevisiae deletions [33–35],
but with far more divergent Rpa14/Rpa43 stalks. Their Rpa14 sub-
units have very limited homology and Rpa43 is much larger in
budding than in ﬁssion yeasts, thanks to hydrophilic regions
present in all vertebrates and fungi, except S. pombe. Moreover,
the S. pombe subunit lacks a short insert that interrupts theRpa43 hinge in other Ascomycetes and probably explains its
non-complementation in S. cerevisiae.
Deletions of the hydrophilic N- or C-ends are viable (except in
rpa14D), but the C-terminal deletion rpa43-1,235 is lethal in
rpa12D, rpa34D or rpa49D, which can themselves be simulta-
neously inactivated without preventing growth [28]. Conversely,
a short N-terminal deletion (rpa43-35,326) suppresses the cold-
sensitivity of rpa49D. This suggests a close co-operation between
the Rpa43/Rpa14 and Rpa49/Rpa34 domains, probably mediated
by the hydrophilic domains of Rpa43. Rpa49/Rpa34 and Rpa43/
Rpa14 are far from each other in the RNAPI structure [5], but
may co-operate during RNAPI assembly. Alternatively, adjacent
RNAPI proteins occupying the same rDNA locus may contact each
other through their respective Rpa49 and Rpa43 subunits [35].
Unlike all rpa43 tested so far, rpa49mutations are sensitive to 6-
azauracil or mycophenolate and synthetic lethal with hmo1D and
top1D. They partly prevent Rrn3 release during promoter escape
[4] and their cold-sensitive defect is suppressed by C-terminal
truncations of the elongation factor Spt5 [31], found here to bind
Rpa43 in a two-hybrid assay. In vitro, Spt5 binds positions
Rpb1256–309 of the RNAP lid/rudder fold [36,37], close enough to
the stalk domain to accommodate a dual Spt5 binding (Fig. 2).
Accordingly, the stalk, Rpa49/Rpa34 and Spt5 might co-operate
during some major allosteric transition corresponding to promoter
escape, and a similar phenomenon might involve Rpb7/Rpb4, TFIIF
and Spt5 in RNAPII-dependent transcription.
The transcribed yeast rDNA has an open and probably histone-
less organisation bound by the HMG box factor Hmo1 [29], but
F. Beckouët et al. / FEBS Letters 585 (2011) 3355–3359 3359nucleosomes may be restored upon replication [38,39]. This could
involve Spt6, a histone chaperone required for the nucleosomal
restoration of highly transcribed genes [24], consistent with the
synthetic defects of spt6-14 and rpa43-chim2, with ﬂuorescence
data indicating that Spt6, like Spt5, may partly reside in the nucleo-
lus, and with the two-hybrid binding of Rpa43 and Spt6. Intrigu-
ingly, this binding involves a C-terminal phosphoprotein-binding
motif interacting with the RNAPII CTD repeats [40,41]. Rpa43 itself
is phosphorylated at its internal (S208) and C-terminal (S220, S262/
263, S285) hydrophilic domains, although these phosphorylations
have currently no known function [42].
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